Piggeries are known for their nuisance odors, creating problems for workers and nearby residents. Chemical substances that contribute to these odors include sulfurous organic compounds, hydrogen sulfi de, phenols and indoles, ammonia, volatile amines, and volatile fatty acids. In this work, daily mean concentrations of ammonia (NH 3 ) and hydrogen sulfi de (H 2 S) were measured by hand-held devices. Measurements were taken in several places within the facility (farrowing to fi nishing rooms). Hydrogen sulfi de concentration was found to be 40 to 50 times higher than the human odor threshold value in the nursery and fattening room, resulting in strong nuisance odors. Ammonia concentrations ranged from 2 to 18 mL m −3 and also contributed to the total odor nuisance. Emission data from various chambers of the pig farm were used with the dispersion model AERMOD to determine the odor nuisance caused due to the presence of H 2 S and NH 3 to receptors at various distances from the facility. Because just a few seconds of exposure can cause an odor nuisance, a "peak-to-mean" ratio was used to predict the maximum odor concentrations. Several scenarios were examined using the modifi ed AERMOD program, taking into account the complex terrain around the pig farm.
Piggeries are known for their nuisance odors, creating problems for workers and nearby residents. Chemical substances that contribute to these odors include sulfurous organic compounds, hydrogen sulfi de, phenols and indoles, ammonia, volatile amines, and volatile fatty acids. In this work, daily mean concentrations of ammonia (NH 3 ) and hydrogen sulfi de (H 2 S) were measured by hand-held devices. Measurements were taken in several places within the facility (farrowing to fi nishing rooms). Hydrogen sulfi de concentration was found to be 40 to 50 times higher than the human odor threshold value in the nursery and fattening room, resulting in strong nuisance odors. Ammonia concentrations ranged from 2 to 18 mL m −3
and also contributed to the total odor nuisance. Emission data from various chambers of the pig farm were used with the dispersion model AERMOD to determine the odor nuisance caused due to the presence of H 2 S and NH 3 to receptors at various distances from the facility. Because just a few seconds of exposure can cause an odor nuisance, a "peak-to-mean" ratio was used to predict the maximum odor concentrations. Several scenarios were examined using the modifi ed AERMOD program, taking into account the complex terrain around the pig farm.
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Petros Karageorgos, Manolis Latos, and Christos Mpasiakos Technical University of Crete Elefterios Chalarakis, Emmanuel Dimitrakakis, and Charis Daskalakis Creta Farm S.A. Elefteria Psillakis, Mihalis Lazaridis, and Nicolas Kalogerakis* Technical University of Crete O dor emissions from swine feeding operations have raised public concerns due to increased industrialization of these facilities. Odor emissions are a nuisance to nearby communities due to the off ensive smell and potential health risks. Th ese emissions are not as yet well monitored due to the lack of legislation, the limitations to sampling and instrumentation techniques, and the complexity of the emissions themselves (Schlegelmilch et al., 2005) . Th e odor composition can vary with the types of operation, the stage of animal growth, the seasonal variations, and the sampling locations. Malodorous compounds are usually low-molecular-mass products and consist of three groups: sulfur compounds (e.g., hydrogen sulfi de [H 2 S], mercaptans, organic sulfi des), oxygen-containing compounds (e.g., volatile fatty acids, aldehydes, ketones) and nitrogen-containing compounds (NH 3 , amines, indoles, pyridines) (Schiff man et al., 2001; Arogo et al., 2003; Nicell and Henshaw, 2007) .
Although there have been many studies regarding NH 3 and H 2 S measurements in piggery facilities , total characterization of odorous emissions remains a rather complex and time-consuming procedure. In addition to NH 3 and H 2 S, several volatile organic compounds have been identifi ed from pig facilities (O'Neill and Phillips, 1992; Schiff man et al., 2001 ); these can be grouped into sulfurous compounds, phenols and indoles, and volatile fatty acids (Le et al., 2005) . Dynamic dilution olfactometry measurements have also been utilized to determine the strength of unpleasant odors (Zahn et al., 2001 ). However, this method describes only an overall odor concentration and cannot provide information about specifi c odor-causing compounds. In addition, olfactometry is costly and subjective to human panelists, and samples need to be analyzed within 30 h of sampling. Generally, a great variety of sampling and sample preparation techniques (Bockreis and Steinberg, 2005) are used to characterize odors originating from these facilities. Th ese include sorbent tubes and thermal desorption (Schiff man et al., 2001; Keener et al., 2002) , air sampling in canisters or sampling bags (Clanton and Schmidt, 2000) , and solid phase microextraction (Begnaud et al., 2003; Wright et al., 2005) .
Complete characterization of all the odorous substances in a sample is quite diffi cult. A single odorant may be dominant and give an indication of the overall odor concentration. Because odor intensity is a rather unstable parameter, analytical measurements may give much diff erent results even for samples taken from the same source but for diff erent time intervals during the same day. Hence, the use of an apparatus that quantifi es a dominant odor substance in continuous mode is preferred. Hydrogen sulfi de and NH 3 are such odorous compounds often present in higher concentrations than other odorants. Th ey can be measured in very low concentrations rapidly using commercially available hand-held equipment. Th is is a great advantage and allows many measurements to be taken in short period of time and therefore avoiding the delay between sampling and laboratory-based measurements.
Atmospheric dispersion modeling has been applied for the assessment of odor impact using mainly Gaussian models such as the Industrial Source Complex (ISC) model (McIntyre, 2000; Henshaw et al., 2006) . Dispersion modeling can be used eff ectively in two diff erent ways: fi rst, to assess the dispersion of odors and to correlate with complaints, and second, in a reverse mode, to estimate the maximum odor emissions that are permitted from a site to prevent odor complaints (McIntyre, 2000) . In this case, the model output is hourly concentrations, which is a nonrepresentative time-scale, as only several seconds are enough to cause human annoyance. For this reason, a "peakto-mean" ratio is usually used to predict the maximum odor concentrations (Piringer et al., 2007; Smith, 1973) . Th e model AERMOD (USEPA, 2004) was used to study the dispersion of H 2 S and NH 3 to the area surrounding the pig farm. Th e specifi c model has been used in many odor dispersion studies (Nicell, 2009; Hayes et al., 2006; Sheridan et al., 2004) . It is a relatively easy model to use, and its characteristics (ability to use many sources and good handling of complex terrain; US-EPA, 2004) make it suitable for studying the dispersion of odors from the pig farm that was studied. Recent studies have provided relations between odor annoyance and odor exposure concentrations to express the odor impact in terms of probability of detection and degree of annoyance (Nicell, 2003; Henshaw et al., 2006; Nicell and Henshaw, 2007) .
Ammonia and H 2 S emissions in association with meteorological and topographical data were used as input data to a dispersion model to estimate the eff ects of odorous emissions in the surrounding areas. Th e main focus was on the specifi cation of the parameters that need to be considered when modeling odors. Th ese parameters are embedded in the Gaussian dispersion model AERMOD to estimate the odor impact from the facility. Th e methodology presented in our study indicates the need to use dose-response relationships in conjunction with dispersion modeling. Th is allows the estimation of the probability of detection and degree of annoyance of the communities surrounding piggeries instead of the hourly mean concentrations that AERMOD provides.
Materials and Methods

Piggery Facility
Th e piggery facility is located 15 km east of the city of Rethymno (Crete, Greece), in a coastal area of complex terrain, with sea to the north and hills to the south. It consists of 72 pig feeding rooms and a composting plant where the pig manure is converted for use as fertilizer. Th e annual production of dewatered (30% dry solids) pig manure from the pig farm operation is about 3000 Mg. In each room, pig manure is collected on the concrete fl oor about 40 cm below the perforated wooden fl oor where pigs reside. Pig manure is stored in each room for a maximum period of 5 to 9 d and then is transferred to the composting plant. Rooms are categorized according to the feeding operation (fattening or nursery) that takes place. Room dimensions diff er and thus so do the ventilation requirements, with the number of constant speed fans in a room varying from 2 to 12 due to room size and feed type.
Hydrogen Sulfi de and Ammonia Measurement
Th e most appropriate method for accurate H 2 S measurement in the gas phase is the use of a gold-fi lm monitor. Th ese instruments utilize the change in the resistance of a gold-fi lm sensor caused by adsorption of H 2 S molecules, with an output proportional to H 2 S concentration. Hydrogen sulfi de concentration data were collected by using a Jerome 631-X (Arizona Instruments Co., Chandler, AZ) portable analyzer capable of recording H 2 S concentrations in the extended range of 1 μL m −3 to 50 mL m −3 (the units mL m −3 and μL m −3 are commonly referred to as ppmv and ppbv, respectively). Th e advantage of such a range enables the operator to measure H 2 S concentrations in situ and assess the impact on the human odor threshold. Sample times vary depending on the H 2 S concentration levels (Winegar and Schmidt, 1998) . If concentration levels are in the range of 1 to 100 μL m −3 , a time of ∼20 s is required for taking a measurement. In the concentration range of 100 to 1000 μL m −3 time varies between 10 to 15 s. Th e instrument precision value corresponds to a maximum 5% relative standard deviation of the output values, ensuring at least 95% repeatability. Th e accuracy depends on the measuring range of H 2 S. Hence, its value is equal to ±3 μL m −3 during the measurements taken in the fi rst range of H 2 S detection (1−100 μL m −3 ) and ±30 μL m −3 in the second measuring range (100−1000 μL m −3 ). Th e Jerome 631-X device is auto-calibrated; however, its sensitive gold-fi lm sensor needs to be regenerated whenever it becomes saturated. Th e regeneration process requires only the use of AC power to thermally regenerate the sensor. When the sensor regeneration is complete, an adjustment of instrument's zero takes place until 0 appears on the display. Th en the installation of a zero air fi lter in instrument's intake takes place and several samples are taken in a clean air environment to check if the measured values remain at 0 mL m −3
. According to the manufacturer guide, when the sensor becomes 75% saturated, the instrument overestimates H 2 S concentrations, in which case, a regeneration process is essential. To ensure a greater sensor life time and sensitivity, the sensor was never permitted to be >50% saturated in the current study. It is well known that the chemical composition of odorous emission from a piggery facility is characterized by a number of compounds. In situ quantifi cation of all those compounds is very diffi cult because it requires the adoption of a reliable analytical protocol. To date, relatively little published data exist on the quantifi cation of odorous compounds of ambient air. Th is is because calibrations are aff ected by several factors such as changes in air velocity, temperature, humidity, physicochemical properties of compounds, sampling time, sample size, and so on.
In addition, no commercial devices specializing in measuring odorous compounds at the limit of the human odor threshold value (OTV) exist, although a recently developed sorbent tube method for their measurement is very sensitive and reliable for odorous compounds from animal feeding operations (Trabue et al., 2008; Zhang et al., 2010) .
Ammonia concentrations in the air were measured using a direct-sense gas meter (Gray Wolf Co., Tuamgraney, Ireland), a portable instrument with a measuring range of 0 to 500 mL m −3 . Th e instrument's sensing element is an electrochemical cell that contains a working and an active auxiliary electrode. Th e signal from the auxiliary electrode is used for temperature compensation and to improve the selectivity of the entire sensor. Th e sensor response is linear with the concentration of NH 3 in air. Th e instrument records NH 3 concentrations every 10 s, and its precision value corresponds to a maximum 5% relative standard deviation of the output values. Th e instrument accuracy is equal to ±0.1 mL m −3 if NH 3 detection takes place in the range of 0 to 100 mL m −3 and ±1 mL m −3 for the measuring range of 100 to 500 mL m −3 . Measurements of NH 3 and H 2 S were taken in 62 feeding rooms within the facility, with emphasis placed on the fattening and battening processes because of their higher odor impact. To evaluate changes in NH 3 and H 2 S concentrations, measurements were conducted in survey mode. Each measuring period lasted for at least 10 min ensuring that approximately 60 continuous values of NH 3 and H 2 S were recorded. Th e corresponding average values were then calculated. Several measurements were conducted at the exhaust fans of nursery and fattening rooms under diff erent operating conditions (number of pigs, manure storage time) during September and October 2009 to examine whether the odorants concentrations are aff ected by the operation conditions.
Meteorological Data
Th e main meteorological parameters that aff ect the dispersion of air pollutants are air temperature, relative humidity, wind direction, wind velocity, and atmospheric stability. Th e data used in the present study were collected from a meteorological station (Galltec Mess-und Regeltechnik GmbH, MELA Sensortechnik GmbH, Germany) located close to the odor sources. Th e meteorological observations were recorded at a 30-s temporal resolution between 4 Sept. 2008 and 30 Mar. 2009 . Th e mean temperature was 13.5°C and the mean relative humidity 66.5%. Th eir standard deviations were equal to 3.05°C and 9.3%, respectively. Th e prevailing wind direction was from the north and the wind speed ranged mainly between 3 and 9 m s . Th e average wind speed for the period of the measurements, which was during the early afternoon, was 4.87 m s −1 , with a standard deviation equal to 3.8 m s −1 , and the dominant wind direction was north (frequency 29%). Th ese conditions are typical for a coastal area in northern Crete and are strongly aff ected by the landscape of the area, with the sea to the north and hills south of the site.
AERMOD Dispersion Model
Th e AERMOD model is a steady-state plume model. In the stable boundary layer, it assumes the concentration distribution to be Gaussian in both the vertical and horizontal. In the convective boundary layer, the horizontal distribution is also assumed to be Gaussian, but the vertical distribution is described with a bi-Gaussian probability density function. Using a relatively simple approach, AERMOD incorporates current concepts about fl ow and dispersion in complex terrain. Where appropriate, the plume is modeled as either impinging and/or following the terrain. Th is approach has been designed to be physically realistic and simple to implement while avoiding the need to distinguish among simple, intermediate, and complex terrain, as required by other regulatory models. As a result, AERMOD removes the need for defi ning complex terrain regimes (USEPA, 2004) .
Odor perception and sensation by humans is proportional to the instantaneous peak concentration of the odorant rather than to mean values. Similar to other dispersion models, AERMOD predicts at least half-hour mean concentrations. It was thus essential to modify the model's code to enable the calculation of the peak values that might occur rather than the hourly mean values. Th e widely used peak-to-mean ratio approach was used. Equation [1] was used to convert average concentrations to peak concentrations, allowing the conversion of the 30-min modeled concentrations to 5-s peak concentrations (Schauberger and Piringer, 2004) :
where C p represents the estimated peak odor concentration calculated for a short period of infl uence, t p , and C m is the mean odor concentration calculated from the dispersion model for a longer period, t m . Time periods t p and t m were set to be 5 s and 30 min, respectively, to convert the model output time-scale to the duration of a single breath. Th e exponent β depends on the stability of the atmosphere and varies between 0.35 and 0.65 when we are close to the source and diminishes to zero as the distance from the source increases signifi cantly (Schauberger and Piringer, 2004; Smith, 1973) . Th e main impact of H 2 S at relatively low concentrations is the annoyance caused to residents of the area (Arnold et al., 1985) , which is why providing contour plots of the H 2 S concentrations does not give the information of interest. A more valuable description of the problem caused by the presence of odorous compounds in the atmosphere is accomplished by using the terms of probability of detection and degree of annoyance. Th e sense of smell is subjective, and people react in diff erent ways when exposed to an odorant. Recently, doseresponse relations have been developed that correlate odor concentrations to the probability of detection of the specifi c odor or probability of annoyance. Th e probability of detection of an odorous compound can be estimated using Eq. [2] (Nicell, 2003) :
where P (%) stands for the probability of detection of an odor, C is the concentration of the odorous compound (μL m −3
), C t is the threshold concentration of the specifi c odorous compound (μL m −3 ), and γ (dimensionless) is the "persistence of response" of the specifi c odor. Th e persistence of response varies from 0 to 1 depending on the compound (Nicell, 2003) . Th e value of the parameter γ was set to 0.4 for H 2 S using observations concerning the percentage of people able to identify the existence of H 2 S (Amoore, 1985) . Th e threshold concentration is the concentration at which 50% of people exposed to H 2 S can recognize its presence; it was set to 4.7 μL m −3 (Nagata, 1990) . Th e corresponding value for NH 3 was set to 17 mL m −3 (AIHA, 1989; Nagata, 1990) . Figure 1 presents the sigmoid curve that correlates the probability of detection of H 2 S and its concentration. Odor threshold defi nes the relative position of the curve along the horizontal axis, and parameter γ is a measure of the steepness of the curve.
A similar relation has been proposed to estimate the annoyance caused by odors (Nicell, 2003) 
where A (measured in annoyance units, AU) is the degree of annoyance of the population and ranges from 0 to 10, C is the concentration of the odorous compound (mL m −3 ), C 5AU corresponds to the odorant concentration where the population annoyance has a value of 5 AU, and the parameter α (dimensionless) is the "persistence of annoyance" of the specifi c odor. We estimated parameters C 5AU and α to be 23 μL m −3 and 0.68 respectively for H 2 S based on observations of people being able to identify the existence of H 2 S (Amoore, 1985) . Figure 2 presents the annoyance with respect to H 2 S concentrations. Th is plot is similar to the plot of the probability of detection of the specifi c odor, except that the point of infl ection occurs at an annoyance level of 5 AU and the parameter α defi nes the tendency of the population to remain annoyed with the odor as it is experienced over a range of concentrations (Nicell, 2003) .
Results and Discussion
Fattening Rooms Measurements
Several measurements of NH 3 and H 2 S were taken in the fattening and nursery rooms. Representative measurements of NH 3 and H 2 S in the fattening rooms for diff erent operating conditions, namely, number of pigs and manure storage time, are depicted in Fig. 3 . Th e number of pigs and the manure storage time corresponding to the measurements of NH 3 and H 2 S taken in each room are given in Table 1 . Average NH 3 concentrations in fattening compartment 12 varied in the range 2 to 18 mL m −3 . Th e majority of the measured average values exceeded 6 mL m −3 . Hydrogen sulfi de concentrations were rather high and in some cases became 40 to 50 times higher than its OTV (4.7 μL m −3 ). Th e measurements that were collected on 9 Sept. 2008 in compartments 12C and 12D were characterized by increased values of NH 3 and mainly of H 2 S. Th is was due to the longer manure storage time in these rooms (9 d). Th ese conditions seemed to aff ect H 2 S concentrations more than the NH 3 concentrations. Ammonia odors derive mostly from urine evaporating from the fresh wetted manure attached to the wooden fl oor. When urine and feces are mixed in manure slurries, the urea, found primarily in urine, is hydrolyzed by microbial ureases in feces to form carbon dioxide and ammonium (Panetta et al., 2005) . Th e ammonium may be released as gaseous ammonia. Th is is the main reason that NH 3 concentrations were high under lower manure storage times. Th e hydrolysis of urea takes place in a very short time (6−7 d), in contrast to NH 3 formation from proteinaceous organic substances, which takes several months (Arogo et al., 2003) . Despite this, NH 3 concentrations were rather high during shorter manure storage times. Th erefore, NH 3 emissions derive mostly from urine evaporating from the fresh wetted manure attached to the wooden fl oor. In addition, manure stored for >5 d contributes to the occurrence of odor events resulting from higher H 2 S concentrations. For the measurements taken on 13 Sept. 2008, compartment 12D emitted the highest quantity of odors. Th is may be explained by the higher number of pigs in 12D compared with 12B and 12C. However, room 12A included both the highest number of pigs and the longest manure storage time, and surprisingly, its NH 3 concentrations were lower than 12D. Th is was because the perforated wooden fl oor of room 12A was cleaned the day before measurements were taken, and therefore no excess fresh wetted manure remained except the manure already stored in the concrete fl oor. During the measurements taken on 10 Oct. 2008, the manure storage time was the same for each compartment. 
Fig. 2. Annoyance of the population caused by H 2 S as a function of H 2 S concentration (the point of infl ection occurs at an annoyance level of 5 annoyance units [AU]).
Room 12D showed the higher values of NH 3 and H 2 S because of the distinctly higher number of pigs and consequently the greater quantity of manure.
In fattening rooms 5A and 5B, NH 3 concentrations varied from 3 to 6 mL m −3 , in contrast with rooms 12 where NH 3 exceeded 6 mL m −3 for almost all measurement periods of 10 min. A comparison between the values taken for compartments 5A and 5B for the same period of manure storage time found compartment 5B had a higher odor impact due to the larger number of pigs. However, both these factors signifi cantly aff ected the H 2 S build-up rate as seen by comparing the measurements taken on 13 Sept. 2008 and 10 Oct. 2008 , with the corresponding measurements on 3 Sept. 2008. A simultaneous increase in both factors (manure storage time and number of pigs) resulted in a much higher odor impact since H 2 S and NH 3 concentrations became 3 to 6 times higher. Th e above results suggest that the handling of odorous emissions requires a strategy for keeping both manure storage time and pig numbers within acceptable limits. In the fattening rooms with manure storage times higher than 3 d and pig numbers greater than 600, H 2 S average concentrations exceed 150 μL m −3 , which is 300 times higher than its odor threshold value. Th is approach cannot be adopted to limit NH 3 emissions since its concentration was not aff ected by the manure storage time or the number of pigs present.
Nursery Rooms Measurements
Th e average time of manure storage is usually in the range of 5 to 9 d. During the nursery stage, pigs are grown until they weigh about 50 kg, when they are then moved to the fattening rooms. To obtain a representative odorous profi le, a set of experiments was conducted under almost stable conditions: manure storage time in the range of 6 to 7 d and pig numbers varying between 270 and 300 ( Table 2 ). As indicated in Fig. 4 , there was considerable variation in NH 3 concentrations; most of these exceeded 4 mL m −3 and in some cases they became 2 to 3 times higher. As mentioned earlier, the hydrolysis of urea takes place in 6 to 7 d. Th is period is the same as the period during which measurements were taken in each nursery room. Th e number of pigs was also at the same levels. Despite this, NH 3 concentrations were not stable, primarily due to the diff erent frequency of room cleaning. Th e frequency of room cleaning is a variable parameter that depends on a room's age and characteristics, such as the presence of perforated wooden fl oors. In almost every case, H 2 S values were >100 μL m −3 , and they were sometimes higher even though the number of pigs and manure storage time stayed constant. For the measurements taken on 3 Oct. 2008, there were no signifi cant variations between the values taken for both H 2 S and NH 3 in each room. For the measurements taken on 10 Oct. 2008, a slight reduction in H 2 S concentration took place despite the same operating conditions. Overall, in nursery rooms for a manure storage time of 6 to 7 d and average pig numbers of 300, average H 2 S concentrations exceeded 100 μL m −3 and NH 3 concentrations were >4 mL m −3 . Compared with fattening rooms, nursery rooms include less animal mass and therefore less quantity of stored manure. Despite this fact, odorous emissions of NH 3 and H 2 S were comparable for both kinds of rooms. Th e main reason is that the operation of nursery rooms takes place under higher temperatures, resulting in higher volatilization of NH 3 and H 2 S. During the measurements, the average temperature values of fattening rooms were in the range 23 to 25°C in contrast to nursery rooms, where the values were always in the range 28 to 30°C, necessary for this stage of pigs' growth. 
AERMOD Dispersion Modeling of Odorous Compounds
Odorous Gas Emission Estimation
Th e estimation of H 2 S and NH 3 emissions is essential for modeling gas dispersion since these data must be included as dispersion modeling input values. Th e emissions must be expressed in terms of mass fl ow rate (g h −1 ), which derives from the odorants' average concentration (g m −3 ) and the volumetric fl ow rate (m 3 h −1 ) of the emitted odorants. Because all average concentrations taken from the instruments are expressed as mL m −3 , they were converted to concentration values (g m −3 ) using the ideal gas law. Volumetric fl ow rates of fans in the feeding rooms and the composting plant were determined by measuring the odorous gas stream velocity (m s −1 ) with a specifi ed hand-held instrument (Testo 445, Omni Instruments Co., UK) and by knowing each stack internal diameter. Th e instrument has the ability to compute a 15-min average of the measured values. During the measurements, the instrument was left for 15 min at each stack outlet and the average value was recorded by assuming constant fl ow conditions. Th e instrument probe measures air velocities in the range of 0.4 to 60 m s −1 , and the accuracy value is equal to ±0.2 m s −1 . According to the manufacturer, the precision value does not exceed a 2% relative standard deviation of the measured values. Th ese measurements were conducted simultaneously with NH 3 and H 2 S concentration measurements. Th is procedure took place at fans with the same operational characteristics to check the repeatability of the measurements. Total volumetric fl ow rates in each fattening room varied in the range 85,000 to 140,000 m 3 h −1 , and hence they were much higher than the observed rates in the nursery rooms (17,000−32,000 m 3 h −1 ). Th e composting plant is divided in four diff erent compartments (C1−C4), and each one had a ventilation rate in the range 35,000 to 40,000 m 3 h −1 . Th e emissions were found to be higher (in some cases exceeding 40 g h −1 ) at the fattening rooms and ranged from 1 to 8 g h −1 at the nursery rooms (Fig. 5) . Th e concentrations of H 2 S at the composting plant were found to be below detection threshold, and NH 3 concentrations varied in the extended range 40 to 200 mL m −3 during the entire sampling period. Th e emissions of NH 3 were found to be highly dependent on the type of the room, since emissions from fattening compartments were found to be about 10 times greater than those from nursery rooms. Th e NH 3 emissions from composting plant are given in Fig. 6 .
AERMOD Model Predictions
Th e model AERMOD was applied to study the impact of NH 3 and H 2 S to the area surrounding the piggery facility. At fi rst, the model was applied to estimate the annual, monthly, and daily average values for the concentration of H 2 S and NH 3 close to the facility studied. Th e values calculated were lower than the detection threshold in each case, even within the facility. Th ese results are not realistic because the characteristic odor of H 2 S and NH 3 was identifi ed several times from nearby residents and employees of the facility. Th erefore, a new modifi ed model generating results in terms of probability of detection and degree of annoyance using peak values was applied.
Using the modifi ed model, as previously described, the results showed that the annoyance caused within the area of the facility and at a range of 2 km around it can be signifi cant. Th e methodology described for H 2 S is applicable for NH 3 also by altering the coeffi cients used according to the detection/ recognition threshold of NH 3 . Th us, the probabilities of detection of H 2 S and NH 3 and the degree of annoyance (AU) were estimated assuming three diff erent scenarios. Th e results of the simulations are presented in Tables 3 and 4 for H 2 S and NH 3 , respectively. Th e fenceline refers to the boundary of the facility and is located about 200 m from the odor sources.
Scenario 1 corresponds to the application of the modifi ed model using the worst-case inputs (peak emissions observed). As seen, the probability of detection of the odorous compounds is rather high inside the facility (90% for H 2 S and 86% for NH 3 ) with high degrees of annoyance (7.6 for H 2 S and 8.5 for NH 3 ).
Scenario 2 corresponds to the application of the modifi ed model using the same worst-case inputs as in Scenario 1; however, the stacks were assumed to be 8 m high. Th e stacks are used for the ventilation of the fattening and the nursery rooms, and their current height is 6 m. Th is parameter aff ects the emission height of the odorous compounds. Th e results indicate that both the probability of detection and the degree of annoyance have signifi cantly smaller values. Th is suggests that a small change in the design of the stacks can have a signifi cant eff ect on odor impact.
Scenario 3 corresponds to keeping the stacks at their current height of 6 m but reducing the NH 3 and H 2 S emissions by 20%. Th e concentrations are signifi cantly lower than those found using both Scenarios 1 and 2. Th is suggests that reducing the emissions of odorous compounds by a modest amount may also improve the current condition.
Scenarios 2 and 3 result in a decrease of both the probability of detection and the degree of annoyance of each pollutant. However, the decrease of the probability of detection of H 2 S is much smaller than that of NH 3 . Th is is due to the detection threshold of H 2 S, which is much smaller than that of NH 3 . On the other hand, the reduction of the degree of annoyance of H 2 S is much smaller than the reduction of the degree of annoyance of NH 3 because of the "persistence of response" (γ) of the odor of NH 3 . Th ese parameters included in the methodology of estimation of the probability of detection and degree of annoyance through the terms C 5AU and α in Eq.
[2] and [3], respectively, play an important role in the quantifi cation of the impact of odors to the exposed population.
As there is an inherent uncertainty in the values of t p and β in Eq. [1], it is important to see how sensitive the results are to these parameters. In Fig. 7 , the calculated peak odor concentrations are shown with respect to distance for several diff erent values of the parameter t p ranging between 6 and 30 s and for three diff erent sets of β values. Th e indicated parameter value for β is its maximum value, and it is assumed to be decreasing linearly from the source to 0.10 at 2000 m away. As seen in Fig. 7 , for any given β, the shorter the period of infl uence (t p ), the longer the distance over which the peak odor concentration is above the threshold level. By increasing t p by a factor of fi ve, the distance is reduced by a factor of two. Th e strength of the odor is also stronger as the period of infl uence is shorter.
When the maximum value of β is changed from 0.35 to 0.45, the distance with peak odor concentrations above the threshold increases from 500 m to about 700 m. Th e probability of detection within these distances is always above 50%, which implies that the nuisance odors will most likely be detected within these distances.
Conclusions
Odorous profi les of fattening and nursery pig rooms expressed in NH 3 and H 2 S concentrations revealed high and continuous odor strength of these units. Th e emissions of those substances, especially in fattening operations, are aff ected by the manure storage time and the number of pigs. Specifi cally, for storage times higher than 3 d and pig numbers >600, H 2 S average concentrations exceed 150 μL m −3 . In contrast, NH 3 emissions showed high variability and high values (2−18 mL m −3 ) and were not signifi cantly aff ected by the manure storage time and the number of pigs. Nursery rooms showed a slightly lower odor impact; for a manure storage time of 6 to 7 d and average number of pigs equal to 300, H 2 S average concentrations exceeded 100 μL m −3 and NH 3 concentrations were higher than 4 mL m −3 . Th e diff erence in the levels between fattening and nursery rooms is due to the larger amount of manure excreted by the larger pigs.
In the composting plant, NH 3 concentrations were relatively high and varied in the extended range of 40 to 200 mL m −3 , revealing an odorous strength 10 times higher compared with the average values taken from feeding operations. Surprisingly, 90% of H 2 S measured concentrations were zero and the remaining 10% did not exceed the 2 μL m −3 value. Measurements conducted outside the fenceline of the facility showed that the concentrations of H 2 S and NH 3 were always below the OTV. However, the modifi ed AERMOD predicts peak concentrations of odorants and estimates the probability of detection of a specifi c pollutant and the degree of annoyance of the surrounding community. Th e results of the simulations indicate that the annoyance caused by the presence of NH 3 and H 2 S in the atmosphere close to the facility can be important during worst-case emissions-meteorological conditions. Possible solutions include increasing the height of the stacks or decreasing the emissions. Both scenarios presented signifi cantly reduce the probability of detection and the degree of annoyance.
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